Wheat is the primary grain fed to poultry in western Canada, but its nutritional quality, including the nature of its starch digestibility, may be affected by wheat market class. The objectives of this study were to determine the rate and extent of starch digestibility of wheat market classes in broiler chickens, and to determine the relationship between starch digestibility and wheat apparent metabolizable energy (AME). In vitro starch digestion was assessed using gastric and small intestinal phases mimicking the chicken digestive tract, while in vivo evaluation used 468 male broiler chickens randomly assigned to dietary treatments from 0 to 21 d of age. The study evaluated 2 wheat cultivars from each of 6 western Canadian wheat classes: Canadian Prairie Spring (CPS), Canadian Western Amber Durum (CWAD), CW General Purpose (CWGP), CW Hard White Spring (CWHWS), CW Red Spring (CWRS), and CW Soft White Spring (CWSWS). All samples were analyzed for relevant grain characteristics. Data were analyzed as a randomized complete block design and cultivars were nested within market class. Pearson correlation was used to determine relationships between measured characteristics. Significance level was P ≤ 0.05. The starch digestibility range and wheat class rankings were: proximal jejunum -23.7 to 50.6% (CWHWS c ). Significant and moderately strong positive correlations were observed between in vitro and in vivo starch digestibility, but no correlations were found between AME and starch digestibility. In conclusion, rate and extent of starch digestibility and AME were affected by western Canadian wheat class, but starch digestibility did not predict AME.
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INTRODUCTION
Wheat is primarily grown as human food, and the nature of wheat grown is often classified based on functional properties required by various segments of the human food industry. This is the case in western Canada, where 9 classes of wheat are registered based on specific milling properties (Canadian Grain Commission, 2017) . Wheat is also used in animal feeding, and is the main cereal grain used in poultry diets in western Canada, as well as other parts of the world (Australia, Europe), due to its favorable nutrient content and in particular its relatively high energy content. As the primary source of energy in wheat, and because of the relatively high inclusion of wheat in poultry diets, starch is an important contributor to diet apparent metabolizable energy (AME). Western Canadian wheat classes have been shown to contribute to variability in wheat AME (Scott et al., 1998b; Yegani et al., 2013) , and cultivars within a class further increase this variability. Similarly, wheat genotype and functional properties have been reported to affect wheat feeding quality and at least a portion of these effects relate to grain digestible starch content (Gutierrez delÁlamo et al., 2009a,b) .
The extent of wheat starch digestion is relatively well studied in poultry nutrition, with the degree of variation study dependent. When the variation in starch digestion is large, a positive relationship to grain AME has been reported (Rogel et al., 1987; Wiseman et al., 2000) , while this relationship is absent or small where starch digestion values are high and more uniform (Gutierrez delÁlamo et al., 2009b) . Far less information is available on location and rate of wheat starch digestion, but in general wheat is proposed to be rapidly digested in the proximal sections of the small intestine (SI) (Gutierrez delÁlamo et al., 2009a,b; Weurding et al., 2001a) . Further, wheat sample as affected by growing environment and genotype, affects the rate of starch digestion and subsequent broiler performance (Gutierrez delÁlamo et al., 2009a,b) .
Rate of starch digestion, and in turn site of digestion and absorption, is considered important in animal nutrition because of its effects on among other things, post-prandial metabolism (Seal et al., 2003; Yin et al., 2011) , enterocyte nutrition and function (Regmi et al., 2011b) , microbial fermentation in the distal SI and digestive tract (Regmi et al., 2011a) , and bird performance (Weurding et al., 2003) . Starch digestion rate affects post-prandial metabolism as a result of changes in blood glucose and insulin levels. It also affects provision of glucose as an energy source to enterocytes in the distal portion of the SI, which in turn may reduce use of amino acids for this purpose and permit their use for protein synthesis. In addition, the gradual glucose absorption associated with more slowly digestible starch (SDS) results in less conversion of glucose into lactate in intestinal enterocytes compared to more rapidly digested starch (Riesenfeld et al., 1982) . Slowly digested and undigested starch may also influence microbial fermentation in the distal SI, ceca, and colon. Regardless of digestive tract location, short chain fatty acids (SCFA) may affect lumen pH and the nature of the microbial community, and minimize the occurrence of enteric disease and digestive tract colonization by zoonotic organisms (Van der Wielen et al., 2000) . In conclusion, starch digestion rate can affect bird metabolism and the efficiency of energy utilization, and thereby poultry productivity (Weurding et al., 2003) .
Since the rate and extent of wheat starch digestion in poultry species has potential effects on its feeding value, but the variability in the rate and extent of starch digestion as affected by western Canadian wheat class is poorly understood, the primary objectives of this research were to determine the impact of wheat market class on rate and extent of starch digestibility in broiler chickens, and to study the relationship between in vitro and in vivo starch digestibility assessments. A further objective was to relate in vitro and in vivo starch digestibility to wheat AME and wheat chemical composition. It was hypothesized that wheat market class/cultivar impacts both rate and extent of starch digestibility in broiler chickens, and that in vitro and in vivo starch digestibilities are positively correlated, and related to grain AME.
MATERIALS AND METHODS
The experiment was approved by the University of Saskatchewan's Animal Research Ethics Board and the birds were cared according to to the Canadian Council on Animal Care guidelines for humane animal use (Canadian Council on Animal Care, 1993 , 2009 ).
Birds and Housing
A total of 468 male (Ross 308) broiler chicks were obtained from a commercial hatchery (Sofina Foods Ltd., Wynyard, SK, Canada) on the day of hatch. Chicks were housed 6 birds per cage in one of 78 battery cages (51 cm length, 51 cm width, 46 cm height) with wire mesh floors (2.54 × 2.54 cm grid). Cages were positioned in 2 rows of back-to-back cages and each row had 2 levels. Treatments (13) were randomly assigned to 3 cages per cage level resulting in a total of 6 replications per treatment. Each battery cage was equipped with a front mounted feed trough (51 cm length) and 2 individual cage height adjustable nipple drinkers. Room temperature was 32
• C on d 0 and was gradually decreased by 2.8
• C per week. Day length was 23 h from d 0 to 7 and 18 h from d 8 to 21. Light intensity was a minimum of 25 lux throughout the trial. Birds were provided with ad-libitum feed and water access.
Experimental Diets
Thirteen diets were used in this study; 12 diets contained 63.08% of different wheat samples and 1 diet served as a basal diet for wheat AME n calculation (Table 1). Wheat samples were ground using a hammer mill (Model 160-D, Jacobson Machine Works, Minneapolis, MN) with a 3.97-mm screen-hole size. Particle size distribution of wheat samples post-grinding was analyzed in triplicate using dry sieving by a digital particle size analyzer (Hoskins scientific, Burlington, ON, Canada).The basal diet was mixed with each wheat sample to make treatment diets using a Hobart mixer (Model L-800, Don Mills, ON, Canada). Titanium oxide was used as an indigestible marker to determine starch digestibility and AME. The 12 wheat-containing diets were fed from d 0 to 21, while birds on the basal diet treatment were fed a non-medicated commercial starter diet (crumble) from 0 to 14 d and then the basal diet from d 14 to 21. All experimental diets were fed in mash form.
Two wheat cultivars from each of six classes were used for the experiment. The classes and cultivars (in brackets) were Canadian Prairie Spring (CPS-5702PR, Conquer), Canadian Western Amber Durum (CWAD-Transcend, CDC Verona), Canadian Western General Purpose (CWGP-Minnedosa, NRG003), Canadian Western Hard White Spring (CWHWSSnowstar, Snowbird), Canadian Western Red Spring (CWRS-CDC Stanley, Glenn), and Canadian Western Soft White Spring (CWSWS-Sadash, AC Andrew). All 12 spring wheat cultivars were grown in Saskatoon, Canada in the summer of 2014. Cultivars were not replicated and, therefore, can only be considered as samples within a wheat class.
Data Collection
Feed intake (FI) and body weight (BW) were measured weekly on a cage basis (d 7, 14, and 21) and, body weight gain (BWG) and gain to feed ratio were calculated based on these values. Mortality was recorded daily and weights of dead birds were used to correct the gain to feed ratio calculation.
Excreta Collection
Clean aluminum trays were placed under each battery cage and excreta was collected at 12-h intervals for 36 h on d 20 (morning and evening) and 21 (morning). Feed and feather contaminants were removed, and excreta were placed into polythene bags, and immediately frozen at −20
• C. Excreta collections were pooled by cage and later dried using a forced air oven (55 • C).
Digesta Collection
All birds were euthanized on d 21 by intravenous administration of T-61 (Embutramide, Mebezonium iodide and Tetracaine hydrochloride; Intervet Canada Corp., Kirkland, QC, Canada) into the brachial vein.
The SI was dissected from the carcass and divided into 4 sections: proximal jejunum (PJ), distal jejunum (DJ), proximal ileum (PI), and distal ileum (DI). The jejunum and ileum were separated at Meckel's diverticulum. The ileum was separated from the lower digestive tract by cutting 2-cm proximal to the ileo-cecal junction. The jejunum and ileum were separated into proximal and distal parts by dividing at the middle of each section. The digesta content from each SI section was gently squeezed out into a 50-ml plastic snapcap vial. Digesta samples were pooled by replicate, and then stored at −20
• C. Digesta samples were freezedried later, and the samples were finely ground using a mortar and pestle.
Chemical Analysis
Experimental diets and excreta were ground using a Retsch laboratory mill (Retsch ZM 200, Haan, Germany) using 1-mm (for GE, N, and Ti analysis) and 0.5-mm (for starch analysis) screen-hole sizes. Diets, excreta, and SI digesta were analyzed for moisture, Titanium (Ti), and total starch. Diets and excreta were analyzed for gross energy (GE) and nitrogen (N). Wheat samples were analyzed for total starch, crude protein (CP), ash, ether extract, total dietary fiber (TDF) and soluble dietary fiber (SDF), amylose content, kernel hardness index, and starch granule size distribution. Moisture was determined using the standard procedure of the Association of Official Analytical Chemists (AOAC, 1995, method 930.15) , and Ti was determined using the procedure described by Myers et al. (2014) . Gross energy was determined using an oxygen bomb calorimeter (Model A1435DDEB, Parr Instruments, Moline, IL). Total starch was analyzed (AOAC, 1995, method 996.11) using the amyloglucosidase/α-amylase method (Megazyme International Ireland Ltd., Wicklow, Ireland). Nitrogen was analyzed using a Leco protein analyzer (Model Leco-FP-528 L, Leco Corporation, St. Joseph, MI; AOAC, 1995, method 990.03), and 6.25 was used as the N to CP conversion factor. Ether extract was analyzed using Goldfisch extraction apparatus (Labconco Model 35,001, Kansas, MO; AOAC, 1995, method 920.39). Ash content was analyzed according to AOAC (1995) method 942.05 using a muffle oven (Model Lindberg/Blue BF51842C, Asheville, NC). Total and soluble dietary fiber were determined (AOAC, 1995, method 991.43) using the dietary fiber assay (Megazyme International Ireland Ltd., Wicklow, Ireland). Amylose content was determined using the amylose/amylopectin assay (Megazyme International Ireland Ltd., Wicklow, Ireland). Starch granule size distribution (by volume) in purified starch of wheat cultivars was determined using a laser diffraction particle size analyzer (Hydro 2000S, Malvern Instruments, Worcestershire, UK). Kernel hardness index was determined by analyzing 300 individual kernels per wheat cultivar using the single kernel characterization system (Model SKCS 4100, Perten Instruments North America Inc., Springfield, IL). All chemical analyses were completed in duplicate.
Wheat cultivars were tested for in vitro starch digestibility by simulating the chicken gastric and SI phases as described in detail by Karunaratne et al. (2018) . Initially, the wheat samples were ground in a Retsch laboratory mill (Retsch ZM 200, Germany) using a 0.5-mm screen-hole size. Wheat was then added to a pepsin-HCL solution for the 30-min gastric phase (pH 2.5). Subsequently, pH was adjusted to 5.6, and a mixture of sodium acetate buffer, pancreatin, amyloglucosidase, and invertase was added to the sample tubes in an attempt to mimic the chicken SI phase. Sample containing tubes were incubated at 41
• C in a water bath. Aliquots were taken at 15, 30, 45, 60, 90, 120, 180 , and 240 min of the SI phase and analyzed colorimetrically for the amount of released glucose. The digested in vitro starch content (TS in-vitro ) was calculated as follows:
Total starch in the wheat samples was analyzed according to the previously described amyloglucosidase/α-amylase method. Finally the in vitro starch digestibility was calculated according to the following equation: Starch digestibility (%) = (TS in-vitro /TS) × 100
Starch Digestibility and AME Calculation
Starch digestibility in each SI section was calculated using total starch and Ti values of diet and digesta using the following equation (Weurding et al., 2001a) :
The same equation was used for total tract starch digestibility except %starch digesta was replaced by %starch excreta .
Starch disappearance that occurred in the ceca and colon was calculated by subtracting DI starch digestibility from total tract starch digestibility. The cumulative starch digestion of diets was calculated by multiplying the level of starch in the wheat by the starch digestibility at various locations in the SI and in excreta.
Nitrogen-corrected AME was determined using GE, N, and Ti values of diet and excreta. Diet AME n values were calculated according to Hill and Anderson (1958) . The following equations were used for calculations:
Where: ANR g/g.diet = Apparent N Retained (g/g of diet) 8220 = Correction factor (Cal per g N retained in the body) Wheat AME n was calculated according to the following formula (Scott et al., 1998a) . Wheat AME n = (treatment diet AME n − basal diet AME n ) × 100/63.08 (63.08% is the quantity of wheat that was included in experimental diets).
Statistical Analysis
The experimental design was a randomized complete block design as treatments were blocked by battery cage level to account for potential differences in light intensity and air flow pattern between levels. Wheat cultivars were nested within each wheat market class. Wheat class and cultivar were random effects. Each experimental diet (treatment) had 6 replications (battery cages) with 6 birds per replication, and replications of each treatment were equally distributed in battery cage levels. Cage was the experimental unit.
Data were found to be normally distributed according to the Shapiro-Wilk test and then analyzed using the mixed model procedure of SAS (SAS, 2008 ). Fisher's least significant difference test was used to perform mean separation of treatments of wheat market classes when a significant difference was found. Differences were considered significant when P ≤ 0.05. Correlation analyses were completed to examine the relationships between in vivo starch digestibility, in vitro starch digestibility, and AME using Proc Corr of SAS (SAS, 2008) . Both in vivo and in vitro starch digestibility of wheat cultivars were further correlated with grain characteristics. In addition, correlation analysis was completed between in vivo starch digestibility and performance variables.
RESULTS

In Vivo Starch Digestibility
Starch digestibility at 4 SI locations was affected by wheat market class (Table 2) . Starch digestibility at the PJ ranged from 23.7 (CWHWS) to 50.6% (CWAD) yielding a maximum difference of 26.9%. Starch digestibility at the DJ, PI, and DI ranged from 63.5 (CWHWS) to 76.4% (CWAD), 88.7 (CWSWS) to 96.9% (CWAD), and 94.4 (CWSWS) to 98.5% (CWAD) 2 SEM-pooled standard error of mean (n = 6).
with maximum differences of 12.8, 8.2, and 4.1%, respectively. Only 0.9% difference in total tract starch digestibility was seen among wheat classes with values ranging from 98.4 (CPS) to 99.3% (CWAD). Cumulative starch digestion in different locations of the GI tract was also affected by wheat market class. Digestible starch in the PJ ranged from 14.4 (CWHWS) to 31.4% (CWAD). Cumulative digestible starch in the DJ, PI, and DI ranged from 38.8 (CWHWS) to 47.5% (CWAD), 54.6 (CWSWS) to 60.3% (CWAD), and 57.9 (CWHWS) to 62.4% (CPS), respectively. Total tract digestible starch ranged from 60.3 (CWHWS) to 64.3% (CPS). The range in digestible starch content values gradually decreased between the PJ and excreta determinations. SDS defined as the difference between starch digestibility in the distal and proximal ileum was affected by wheat class (Table 2 ) and values ranged from 1.6 to 5.6%. Starch disappearance between the DI and excreta may be the result of microbial fermentation. When calculated in this research, starch disappearance was not affected by wheat market class, and varied from 0.9 (CWAD) to 3.9% (CPS) ( Table 2 ).
In Vitro Starch Digestibility
In vitro starch digestibility was affected by wheat market class at all the time points of the SI phase (Table 3) . In vitro starch digestibility of wheat market classes increased (starting from a mean of 42.4% at 15 min) gradually until reaching a plateau at 120 min (a mean value of 98.0%) of the SI phase. Starch digestibility varied from 38.9 (CWHWS) to 53.5% (CWAD) at 15 min of the SI phase, with a difference of 14.6% between maximum and minimum values. A difference of 15.8% was found between the minimum value of 84.2% (CWRS) and a maximum value of 100% (CWSWS) for starch digestibility at 60 min of the SI phase. Starch digestibility at 120 min varied from 93.9 (CWRS) to 100% (CWSWS), resulting in a difference of 7.1%. AME AME (kcal/kg, 90% DM basis) of wheat was affected by wheat market class (Table 4) . Wheat AME ranged from 3203 (CWRS) to 3411 kcal/kg (CWHWS). 2 SEM-pooled standard error of mean (n = 12).
Grain Characteristics and Correlations with Starch Digestibility
Analyzed grain characteristics are shown in Table 5 . Total starch, CP, ether extract, ash, TDF, SDF, and amylose values on a DM basis ranged from 59.7 (AC Andrew) to 66.3% (5702PR), 12.5 (Sadash) to 17.4% (Snowbird), 1.6 (Snowstar and Sadash) to 2.4% (CDC Verona), 1.4 (Sadash) to 2.0% (CDC Verona and Transcend), 10.9 (Sadash) to 14.3% (Minnedosa), 2.1 (Transcend and CDC Stanley) to 3.7% (Snowbird), and 17.0 (NRG003) to 35.3% (CDC Verona), respectively. Kernel hardness index ranged from 23 (AC Andrew) to 86 (CDC Verona). Small starch granule size distribution ranged from 3.4 (AC Andrew) to 11.0% (Snowbird), whereas the proportion of medium starch granule size starch ranged from 18.6 (CDC Verona) to 40.0% (Snowbird). Large starch granule size starch varied from 49.0 (Snowbird) to 77.8% (CDC Verona). The relative proportion of particle size distribution and mean particle size after hammer mill grinding are indicated in the Table 6. The mean particle size varied from 801.7 (Sadash) to 1,005.7 μm (Snowstar). No significant correlations were observed for mean particle size of wheat samples with either in vivo or in vitro starch digestibility.
Kernel hardness index, ash content, SDF, and ether extract resulted in significant correlations with in vivo starch digestibility. Kernel hardness was positively correlated with starch digestibility in the PJ (r = 0.69) and PI (r = 0.75). Ash content was positively correlated with starch digestibility in the PJ (r = 0.69), PI (r = 0.75), and DI (r = 0.62), and for the total tract (r = 0.58). In addition, SDF was negatively correlated with starch digestibility in the PJ (r = −0.62) and DJ (r = −0.58). Ether extract was positively correlated with total tract in vivo starch digestibility (r = 0.63).
No significant correlations were observed between in vitro starch digestibility and CP, ash, TDF, amylose, and kernel hardness index. However, significant negative correlations were found between the proportion of small starch granules and in vitro starch digestibility at 
Correlations between In Vivo and In Vitro Starch Digestibility
In vivo starch digestibility in the PJ and DJ correlated positively with in vitro starch digestibility at 15 and 30 min, whereas starch digestibility in the PI and DI positively correlated with in vitro starch digestibility only at 15 min of the SI phase. With the exception of 90 min, total tract in vivo starch digestibility positively correlated with in vitro starch digestibility at all the SI phase incubation times until 120 min (Table 7) .
Correlation of Starch Digestibility and AME
No correlations were found for AME with either in vivo or in vitro starch digestibility. Further, there were no correlations between grain AME and in vivo digestible starch content.
Performance Variables
Performance variables including FI, BW, BWG, and gain to feed ratio were determined to estimate the physiological status of birds during the experimental period. The performance of experimental chickens was within the normal range for the 0 to 21 d period of Ross 308 broilers (Table 8 ; Aviagen 2014). Mortality was 1.5% for the entire period of the trial and there was no treatment effect on mortality. All performance variables were affected by wheat market class. Gain to feed ratio was positively correlated with in vivo starch digestibility in the PJ (r = 0.72), DJ (r = 0.57), and PI (r = 0.41). However, no correlations were found between in vivo starch digestibility and BW, BWG, and FI.
DISCUSSION
In vivo starch digestibility, determined in all 4 segments of SI as well as in excreta (total tract digestibility), was affected by wheat market class. This demonstrates that both the rate and extent of starch digestion vary among western Canadian market classes. Little research has examined rate of starch digestion in wheat cultivars, and none has studied the impact of wheat market class. Gutierrez del Alamo et al. (2009b) studied rate of starch digestion in 3 wheat cultivars, each from 2 origins. In their study, starch digestibility ranged from 41.9 to 56.1% in the PJ, 77.4 to 80.0% in the DJ, 92.9 to 95.2% in the PI, and 95.2 to 96.1% in the DI. Weurding et al. (2001a) determined starch digestibility in one wheat sample and reported values of 88.2, 92.9, and 94.4% for the DJ, PI, and DI, respectively. In the current study, starch digestibility ranged from 23.7 to 50.6, 63.5 to 76.4, 88.7 to 96.9, and 94.4 to 98.5% for the PJ, DJ, PI, and DI, respectively. In general, values from previous studies were higher and less variable than the present study, possibly due to differences in genotypic and environmental effects on the wheat samples used. In addition, more variability in the present study could have been affected by the larger number and more diverse genotypes examined. Wheat starch has been considered to be rapidly digested (Weurding et al., 2001a) and the research from the current study is in general agreement. However, the starch digestibility range of 26.9, 12.9, 8.2, and 4.1% in the PJ, DJ, PI, and DI suggest that even for a well-digested starch like wheat, there is variation. Also, SDS (defined as the difference between starch digestibility in the distal and proximal ileum) ranged from 1.5 to 7.2% for wheat cultivars in the current study. This demonstrates that considerable starch is available for digestion or fermentation in the ileum. These data support the potential of variability in starch digestion among wheat classes to affect post-prandial metabolism (at least in meal fed animals), serve as a nutrient source for enterocytes over the entire length of the SI, and influence fermentation and bacterial populations in the ileum. In turn, these effects can affect broiler production and health and therefore are worthy of additional study.
The extent of starch digestion in chickens is often estimated by values derived in the terminal ileum, while comparisons of terminal ileum and total tract digestibility are assumed to be the result of starch fermentation in the ceca and colon. Differences in starch digestibility between DI and total tract estimates (fermentation) were not affected by wheat market class in this work, but starch disappearance still ranged from 0.9 to 3.9%. Previous comparisons of DI and total tract starch digestibility values have not been consistent with some research showing clear differences (Svihus and Hetland, 2001; Gutierrez del Alamo et al., 2009a,b) and others none (Yutste et al., 1991; Steenfeldt et al., 1998; Ankrah et al., 1999; Weurding et al., 2001a) . The ceca are considered the primary site of fermentation in chickens, and entry is limited to soluble and small particle fractions (Svihus et al., 2013) . It is possible that differences in starch disappearance relates to factors such as feed processing that impact cecal entry. Site of digesta collection in the ileum (entire ileum vs. distal ileum) also is a factor that affects the estimation of starch fermentation. In the case of collecting digesta from the entire ileum, differences between ileal and total tract starch digestibility cannot be totally attributed to starch fermentation. This is demonstrated by differences of 4% or less for the current study and Gutierrez del Alamo et al. (2009a) , which both used the DI for measuring starch digestibility, in comparison to the 10% difference noted by Yegani et al. (2013) using content from the entire ileum. The SDS data in the current research also support the potential for both digestion and fermentation to occur in the ileum.
The impact of western Canadian wheat classes on starch digestibility in chickens is not well studied, and there are differences in the methods used as well as in the results among those studies found in the literature. Yegani et al. (2013) reported ileal digestibility values ranging 84.0 to 92.0% for samples of wheat classes, which are substantially lower than the 94.4 to 98.5% range found in the current study. The lower values found by Yegani et al. (2013) may relate to a number of factors including the use of digesta from the entire ileum rather than the distal ileum, younger bird age at testing (13 vs. 21 d) and not using an endoxylanase in test diets. Enzyme addition has been shown to have a positive impact on western Canadian wheat AME (Scott et al., 1998b) , and AME determinations in young birds are lower than older birds (Scott et al., 1998a; Gutierrez del Alamo et al., 2008) .
The current research chose to use an exogenous enzyme source containing endo-xylanase activity in all diets. This was done to mimic the industry standard of using this enzyme to reduce or eliminate arabino-xylan induced effects on starch utilization. These effects include improved digestibility as a result of reduced digesta viscosity (Bedford and Classen, 1992) , starch release from cells encapsulated by cell walls (Hesselman and Aman, 1986) , as well as other mechanisms. The enzyme level chosen was higher than recommended by the supply company to ensure these effects were minimized. Previous research has clearly shown that enzyme use improves digestibility of starch and other nutrients, reduces variability among samples, and mitigates most of the negative effects of arabinoxylans (Scott et al., 1998a; Bedford, 2000; Gutierrez delÁlamo et al., 2008) . Although inclusion of an enzyme in all test diets reduces variability, the authors argue this is more representative of what would be seen in commercial practice than completing the research without enzyme use. Regardless, interpretation of the results must consider this choice and recognize that differences in starch digestion are likely associated with factors other than arabinoxylans.
Wheat class also affected the AME (kcal/kg of 90% DM basis) of wheat samples. Further, the values for CPS, CWAD, and CWRS were in close agreement with the AME results of Scott et al. (1998b) . Scott et al. (1998b) studied the impact of wheat cultivar on AME by using 6 replications (2 replicate sources grown at 3 growing locations in each of 2 crop yr) per cultivar.
Although not compared statistically, grain class effects could be seen because the study used 2 or 3 cultivars per class. The current study used one sample of each of 2 cultivars per wheat class and does not reach the level of statistical comparison accomplished by Scott et al. (1998b) , but it still contributes to knowledge of the AME of western Canadian wheat classes. In contrast, AME values for CPS, CWAD, CWHWS, CWRS, and CWSWS classes in the current study were higher than those found by Yegani et al. (2013) . The latter study used one cultivar per wheat market class to determine energy retention, and therefore wheat sample might account for the differences in AME content. However, it is probable that using test diets without a supplemental endo-xylanase, and completing the testing at a younger age (13 vs. 21 d) contributed to the lower values of Yegani et al. (2013) . The CWAD wheat class consistently ranked highest in terms of AME in all the abovementioned studies despite different conditions, indicating a high nutritional value for this Canadian wheat class for poultry. The AME values obtained by the current study and Scott et al. (1998b) may be high because of the purity of the grain used. Wheat samples were cleaned prior to testing and therefore are potentially different than commercial feed wheat, which may contain variable amounts of non-wheat material that dilutes its energy value. Accounting for these differences, as well as grain moisture content, would increase the accuracy of AME values for practical feed formulation.
Grain characteristics of wheat cultivars including total starch, CP, ash, small, medium and large starch granule size distribution were in accordance with the results of another study on Canadian wheat classes (Ahuja et al., 2013) . Kernel hardness index values for wheat cultivars were also in general agreement with previous research (Carré et al., 2002) . Kernel hardness index positively correlated with in vivo starch digestibility at several SI segments. This may be explained by greater hardness resulting in a higher proportion of damaged starch during processing as seen in flour production (Pasha et al., 2010) . In turn, starch damage is known to increase water absorption capacity and ultimately increase starch digestion (Barrera et al., 2007) . Although starch damage as affected by wheat type and processing has not been studied in non-food systems, it warrants further investigation. As noted above, wheat soluble fiber is well known to adversely affect digestibility including starch via a number of mechanisms (Choct and Annison, 1992) . However, the negative correlation between SDF and in vivo starch digestibility in the PJ and DJ is unexpected due to the high level of endoxylanase used in the current research. Soluble fiber did not correlate with ileal and total tract starch digestion and this suggests that the endo-xylanase was still depolymerizing arabinoxylans in the jejunum, but had eliminated their negative effects by the ileum. If this is the case, it also indicates that soluble fiber can affect location of starch digestion even when an endoxylanase is added to broiler diets. However, it is important to note that a significant r value does not equate to a cause and effect relationship, and explanations other than a direct effect of soluble fiber are possible.
Significant correlations were observed between in vitro starch digestibility and starch granule size distribution and total starch. In vitro starch digestibility positively correlated with the proportion of large granules, whereas it negatively correlated with both small and medium granule proportions; correlations were moderately strong. These results are in contrast to the commonly stated concept that larger granule starch is less well digested than smaller granules due to granule structural differences and proportionally lower amylase accessible surface area (Svihus et al., 2005; Ahuja et al., 2013) . There was also no relationship found between starch granule size and in vivo starch digestion in the research reported in this paper. It is not possible to establish the reason for the different findings, but the nature of grinding and whether it damages starch granules warrants consideration. Wheat for the current in vitro work used a Retsch laboratory mill (0.5-mm sieve), while the in vitro work by Ahuja et al. (2013) used a Udy mill (0.5-mm sieve) and the current in vivo research used a hammer mill (3.97-mm screen-hole size). Total starch content negatively correlated with in vitro starch digestibility, and this result is in accordance to Ahuja et al. (2013) , but not with in vivo results in the present study. Ahuja et al. (2013) hypothesized that the increased amount of total starch takes more time to digest and results in lower starch digestibility values in an in vitro model. In in vivo research, the lack of relationship may be due to the ability of birds to respond to more (possibly undigested) starch by increasing amylase secretion and altering the nature of the digestive process. In vitro starch digestibility at initial incubation times of the SI phase positively correlated with in vivo starch digestibility in the SI (PJ and DJ-with 15 and 30 min; PI and DI-with 15 min) as well as for the total digestive tract (r range-from 0.62 to 0.74). However, later in vitro starch digestibility values were only correlated with total tract in vivo values (r range-0.59 to 0.68; Table 7 ). Weurding et al. (2001b) compared the in vitro and in vivo rate and extent of starch digestibility for a wide range of diets (12 starch sources including wheat) and found a strong positive correlation (r = 0.87) between the two methods of assessing the rate of starch digestion. In Weurding et al. (2001b) , experimental diets were used for both in vitro and in vivo assessment of starch digestion, which may be more precise than the comparison of in vitro assessment of wheat sources with in vivo assessment of diets in the current work. In the same experiment by Weurding et al. (2001b) , starch digestibility values after 2 h and 4 h of SI incubation were highly correlated with in vivo starch digestibility at the DJ (r = 0.94) and DI (r = 0.96), respectively. The study by Weurding et al. (2001b) used diets that contained starch ranging from rapidly (wheat) to slowly digested (potato starch), and this broad range increases the probability of a stronger relationship. The narrow range of starch digestion rate and the other mentioned limitations might be the cause for moderate correlations between in vivo and in vitro starch digestibility found in the current study. Despite the presence of correlations only at early incubation times of SI phase (PJ to DI), the in vitro digestion assay still has the ability to predict in vivo starch digestion in chickens, and it is particularly useful in comparing large numbers of samples (Karunaratne et al., 2018) . The assay is repeatable and is more time and cost efficient than in vivo trials. In conclusion, in vitro assessment has merit to do preliminary research on starch digestion of a large number of samples to direct later in vivo research on a smaller number of selected samples. In vivo research is undoubtedly required to get a more accurate assessment of starch digestion and its relevance in poultry nutrition.
The current research failed to demonstrate a relationship between starch digestion (rate or extent) and grain digestible starch content with wheat AME. This is in contrast to previous research showing a strong relationship (Mollah et al., 1983; Rogel et al., 1987; Wiseman et al., 2000) between these traits, but in agreement with other work (Gutierrez del Alamo et al., 2008; Yegani et al., 2013) . Gutierrez del Alamo et al. (2008) did not find a relationship of AME with excreta (total tract) starch digestibility or grain digestible starch content, while Yegani et al. (2013) similarly found no relationship between AME of wheat and ileal starch digestibility. Many differences exist between previous research reports, but one factor that may account for the lack of agreement is the relatively narrow range in total starch content (59.7 to 66.3%), digestible starch, and starch digestibility (Table 2) in the current research. This may reduce the predictive ability of these parameters, despite the importance of starch in the total energy availability from wheat. In contrast, studies by Mollah et al. (1983) , Rogel et al. (1987) and Wiseman et al. (2000) had broader range of digestible starch content and starch digestibility that likely enhanced the potential for a stronger correlation.
Performance was monitored to judge the physiological status of experimental birds and performance standards indicate that diets were generally well balanced. However, variation in the nutrient content of wheat samples used in diets may have impacted broiler performance and therefore the following relationships to wheat characteristics should be interpreted with caution. In the current study, in vivo starch digestibility in the PJ and DJ was positively correlated with gain:feed ratio. These data suggest that rapid starch digestion results in a better feed efficiency in broiler chickens. This interpretation is contrary to the theory that slowly digested starch beneficially affects feed efficiency (Weurding et al., 2003) and therefore requires further investigation.
In conclusion, rate and extent of in vivo starch digestibility were affected by western Canadian wheat class. Since these characteristics can impact a wide range of digestive tract characteristics as well as the nutritional properties of wheat, they may in turn impact poultry performance and health. Research is required to make this connection, but, if established, this information could be used to select superior wheat cultivars for poultry feed. In addition, differences in starch digestion location might explain differences in the feeding value of wheat samples. Wheat class also affected AME, but the practical application of these values as well as starch digestibility differences in poultry feeding can be limited. Wheat is generally sold as a combination of different under-grade wheat classes and is most often not identity preserved. However, CWAD cultivars are kept separate from other spring wheat classes in Canada and therefore nutritionists can use the rapid digestion and high AME characteristics of this class in diet formulation. The current research also demonstrated that in vivo starch digestibility can be predicted using an in vitro digestion model and as a consequence may serve a role in examining the starch digestion characteristics of larger numbers of starch-containing ingredients.
